Abscisic acid (ABA) integrates the water status of a plant and causes stomatal closure. Physiological mechanisms remain poorly understood, however, because guard cells flanking stomata are small and contain only attomol quantities of ABA. Here, pooled extracts of dissected guard cells of Vicia faba L. were immunoassayed for ABA at sub-fmol sensitivity. A pulse of water stress was imposed by submerging the roots in a solution of PEG. The water potentials of root and leaf declined during 20 min of water stress but recovered after stress relief. During stress, the ABA concentration in the root apoplast increased, but that in the leaf apoplast remained low. The ABA concentration in the guard-cell apoplast increased during stress, providing evidence for intra-leaf ABA redistribution and leaf apoplastic heterogeneity. Subsequently, the ABA concentration of the leaf apoplast increased, consistent with ABA import via the xylem. Throughout, the ABA contents of the guard-cell apoplast, but not the guard-cell symplast, were convincingly correlated with stomatal aperture size, identifying an external locus for ABA perception under these conditions. Apparently, ABA accumulates in the guard-cell apoplast by evaporation from the guard-cell wall, so the ABA signal in the xylem is amplified maximally at high transpiration rates. Thus, stomata will display apparently higher sensitivity to leaf apoplastic ABA if stomata are widely open in a relatively dry atmosphere.
late stomatal aperture size in response to signals evoked by environmental stresses such as drought (Tardieu 1996) .
A pair of oblong guard cells that are joined at their ends flanks each stoma. When guard cells accumulate K + salts or other solutes (Outlaw et al. 1996) , the passive influx of water increases turgidity. Therefore, each guard cell distends asymmetrically, away from the opposing cell, and the pore between the cells enlarges. Physically, stomatal closure is a reversal of opening. Thus, stomatal movements are turgor driven, but except under severe conditions, stomatal conductance is not primarily regulated by leaf-water potential in many plants, including Vicia faba (Müller et al. 1986) . Conversely, stomatal conductance may decline in response to a root-water deficiency even in the absence of a significant change in leaf-water potential. In this case, droughtevoked signals emanate from roots, which act as stress sensors (Davies & Zhang 1991; Jackson 1993 Jackson , 1997 .
Abscisic acid (ABA) mediates many responses to stresses such as drought (Leung & Giraudat 1998) . In outline, ABA decreases stomatal aperture size through Ca 2+ -dependent processes (McAinsh, Brownlee & Hetherington 1997) that are initiated by Ca 2+ influx into the cell (Schroeder & Hagiwara 1990) or internal Ca 2+ redistribution (Blatt, Thiel & Trentham 1990; Gilroy, Read & Trewavas 1990; Leckie et al. 1998) . Thus, stomatal opening is prevented by Ca 2+ -dependent inhibition of the electrogenic ATPase (Kinoshita, Nishimura & Shimazaki 1995) and of channels that facilitate K + influx (Luan et al. 1993 ). Stomatal closure is favoured by ABA-dependent activation of depolarizing anion channels, permitting passive K + efflux (Schmidt et al. 1995) . Then, ABA-induced Ca 2+ independent activation of the K + -out channel (Blatt 1992) facilitates K + efflux. Concomitantly, ABA modulates ion traffic across the tonoplast, an effect mediated by Ca 2+ (Allen & Sanders 1996) . In summary, ABA is well established as a major determinant of stomatal aperture size.
Water-stressed roots synthesize ABA and export it via the transpiration stream to the shoot. During the past decade (Davies & Zhang 1991; Jackson 1993 Jackson , 1997 , much has been published concerning ABA concentration in the xylem (Gowing et al. 1993a) , the amount of ABA arriving at the leaf (Gowing, Jones & Davies 1993b) , removal of ABA from the apoplast (Hartung, Wilkinson & Davies 1998) , and influences of the chemical environment (Wilkinson & Davies 1997) . The important concept that ABA originating from the roots modulates water loss and
INTRODUCTION
Carbon dioxide diffuses into the leaf through stomata in the epidermis. These pores also form the major pathway for the loss of water, which is often limiting for a terrestrial plant. Regulation of gas exchange is multifaceted, but a primary imperative is to prevent a damaging level of dehydration (Jones 1998) . Thus, as sessile organisms, plants must modu-engenders stress 'avoidance' (Tardieu 1996) has emerged. The assumption is that guard cells respond to apoplastic ABA, but whether stressing roots changes the ABA concentration at guard cells has not been determined. We therefore imposed a pulse of water stress and monitored its effects on stomatal aperture size and water status. The kinetics of changes in ABA levels in whole-root samples, in root apoplastic sap, in whole-leaf samples, and in leaf apoplastic sap allowed an interpretation concerning the sites of ABA formation and redistribution within the plant under these circumstances. ABA accumulation in the guard-cell apoplast and in the guard-cell symplast permitted an assessment of the contribution of these pools. In addition, the results are interpreted in several contexts: sources of guard-cell ABA, the site of perception of ABA by guard cells, amplification of the ABA signal by evaporation from the guard-cell wall, variable amplification of the ABA signal depending on the rate of transpiration, and the duration of the ABA signal.
MATERIALS AND METHODS

Plant materials
Surface-sterilized seeds of Vicia faba L. cv Longpod were allowed to imbibe aerated water (1 d), germinated in darkness (1 week), and cultured hydroponically (quarterstrength Hoagland's solution, 2 weeks). The growth cabinet was set to a 16 h photoperiod starting at 0600 h (600 mmol photons (400-700 nm) m -2 s -1 , 25°C), followed by an 8 h dark period (20°C), and a constant 60% relative humidity. For 1 week before the experiments, plants were cultured individually in 1 L nutrient chambers. The nutrient solution was aerated, replenished daily, and replaced on alternate days. Plants were selected 24 h before experiments for uniformity.
The experiments were completely replicated on four growth lots of plants, but the number of time points examined was minimized because of the inordinate number (60-100) of singly dissected guard-cell pairs required for each time point in each experiment. The results are presented as the average ± standard errors.
Experimental treatments and sampling
Tissue water deficit ('water stress') was imposed at 0930 h by addition of polyethylene glycol (PEG; 0·2 g PEG 8000 added per cm 3 of nutrient solution). After 20 min, the roots were rinsed and then transferred to fresh nutrient solution. The effect of PEG on water potential (DY =~0·5 MPa) was calculated according to the equations of Michel, Wiggins & Outlaw (1983) . The use of PEG for this type of experiment is discussed in Zhang, Outlaw & Aghoram (2001) .
The third-youngest fully expanded bifoliate and roots were sampled at each time point as described below. First, four samples of one leaflet were harvested: (a) Abaxial epidermis,~1 cm 2 , obtained at an obtuse angle, was floated on water for 2 min, which removed apoplastic contents (Weyers & Hillman 1979) ; then it was frozen in liquid N 2 and freeze-dried at -35°C. Ultimately, this epidermal sample was used to determine 'guard-cell symplastic ABA content'. Herein (Fig. 3 ) and elsewhere (Harris et al. 1988) , respectively, it is shown that symplastic ABA does not leach from unstressed or stressed guard cells by this treatment. Similarly, external ABA resulting from broken epidermal cells (see Popova et al. 2000) was not taken up during this treatment. [The total guard-cell ABA content in unrinsed peels was no higher than that obtained when guard cells were dissected from intact leaf (Fig. 3) , indicating that broken epidermal cells did not 'flood' guard cells. In any case, the tissue volume was diluted 10 4 ¥ in the rinse, the pH of which (>pK ABA ) would not favour ABA uptake.] (b) A leaflet (area 1·5 cm 2 ) was frozen and freeze-dried. Ultimately, this tissue sample was used to determine 'whole guard-cell ABA content'. (c) Additional leaflet (100 mg) was frozen and stored at -80°C until extraction for ABA analysis. The resulting data are labelled 'whole-leaf ABA content'. (d) Three additional randomly chosen epidermal peels were removed and assayed microscopically for stomatal aperture sizes (n = 30). [Aperture sizes obtained thus are somewhat larger than those on the intact leaf, but the measurements permit accurate assessment of relative changes. In other work (SQ Zhang, WH Outlaw, Jr., unpublished), the following relationship held: aperture
. Second, the sister leaflet was excised for water-potential measurement and sap collection. The ABA data (obtained on the sap expressed from the petiolule) are labelled 'leaf apoplastic ABA concentration' without the implication that the apoplast is a homogenous compartment. Third, root tips (~0·3 cm) were collected for ABA analysis, as described for leaf. These ABA data (obtained on extracts of the root apex) are labelled 'whole-root ABA content'. Fourth, whole first-order lateral roots (not the tip, as above) were excised for water-potential measurement and sap collection. The ABA data (obtained on sap expressed from roots) are labelled 'root apoplast ABA concentration', again, without the implication that the apoplast is a homogenous compartment. Altogether, the procedures required approximately 5 min.
Water potential measurements
A pressure chamber (PMS Instrument Co., Corvallis, OR, USA) was used to measure water potential.
Histochemical samples
Guard-cell pairs (approximately 6 ng) were dissected from abaxial, rinsed, freeze-dried epidermal peels or from the abaxial epidermis of freeze-dried whole-leaf samples (Hampp & Outlaw 1987) . Guard cells were dissected randomly from three regions of each sample. The guard cells dissected from whole-leaf samples contained both the apoplastic and symplastic ABA contents, whereas those from rinsed peels had only the symplastic content. The apoplastic ABA content was calculated as the difference between the value for guard cells dissected from peels and that for guard cells dissected from whole leaf.
Abscisic acid analysis
Fresh-frozen tissue (samples of leaf or of root), 2-4 mg, was homogenized successively three times in 80 mL 80% (v/v) aqueous methanol that contained 10 mg 2,6-di-t-butyl-pcresol L -1 . A complete homogenate, totalling 240 mL, was incubated overnight in darkness at 4°C. The supernatant of a low-speed centrifugation was dried with N 2 . The residue was redissolved in 150-300 mL methanolic Tris-buffered saline (10% (v/v) methanol in 50 mm Tris, pH 8·1, 1 mm MgCl 2 , 150 mm NaCl). A 0·6 mL aliquot was used in the ABA assay.
Sap (of leaf or of root) was collected with the pressure chamber by application of 0·2 MPa of pressure above that balancing water potential. The first sap extruded (2-3 mL) was discarded. The next 2-3 mL of extruded sap was diluted approximately three-fold with methanolic Tris-buffered saline (see above), and 0·6 mL was used in the ABA assay. The pressure required to extrude sap is far less than would damage the petiolule (Ewert et al. 2000) but interpretations (see Discussion) made on the basis of sap collected by use of pressurized chambers must be qualified (e.g. Else et al. 1994) .
A group of 60-100 guard-cell pairs were pooled in a single extract (90 nL 80% (v/v) aqueous methanol that contained 10 mg 2,6-di-t-butyl-p-cresol L -1 , overnight, in darkness, at 4°C according to the oil-well technique; Passonneau & Lowry 1993; Outlaw & Zhang, 2001 ). After addition of 2 mL of methanolic Tris-buffered saline (see above), 0·6 mL was used in the ABA assay.
For all ABA analyses (0·1-12 fmol), a microscale enzyme-linked immunosorbent assay (ELISA) was used. Details of the ELISA and its validation are found elsewhere (Harris et al. 1988; Zhang, Hite & Outlaw 1991) .
RESULTS
A pulse of water stress to roots results in a decline in stomatal aperture size that persists after the water status of the plant recovers For assessment of water status, water potentials of roots and of leaf were measured initially, after water stress, and during recovery ( Fig. 1) . Initially, Y Root was -0·18 ± 0·01 MPa. During a 20 min incubation of roots in nutrient solution amended to include PEG, Y Root dropped sharply to -0·63 ± 0·02 MPa (P < 0·01). Upon transfer of roots back to the culture solution, Y Root increased and, 2 h later, reached -0·20 ± 0·00 MPa, which was near the control value (D Apparent = -0·02 MPa, P = 0·09). DY Leaf was qualitatively similar to DY Root , but Y Leaf declined further. Thus, Y Leaf dropped from -0·35 ± 0·02 MPa to -0·94 ± 0·02 MPa (P < 0·01). After water stress, Y Leaf reached the control value in 1 h (D Apparent = -0·04 MPa, P = 0·14). In summary,
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the water status of roots and leaves were indistinguishable from controls 2 h after the water-stress pulse.
Stomatal aperture size declined from 7·5 ± 0·3 to 2·9 ± 0·1 mm (P < 0·01) during the 20 min stress period and remained depressed for the duration of the experiment (P < 0·01).
Root and leaf ABA contents increase following water stress
A primary goal was to establish the relationship between guard-cell ABA content and stomatal aperture size. Thus, the kinetics of changes in the ABA levels of four organlevel ABA compartments that may be donors to guard cells were determined (Fig. 2) .
The initial ABA content in whole root was 52 ± 4 nmol kg -1 fresh mass (Fig. 2) . During stress, this pool increased in all experiments (72 ± 7 nmol kg -1 fresh mass, P = 0·03), but this ABA pool returned to the control value within 20 min of stress relief (51 ± 4 nmol kg -1 fresh mass, P = 0·44) and remained there. The ABA concentration in the root apoplastic sap increased from the pre-stress value of 43 ± 4 nm to the post-stress value of 134 ± 17 nm (P < 0·01). The average elevation of root apoplastic sap ABA concentration persisted for 1 h (P = 0·01) but was less evident 2 h after relief of stress (D Apparent = 27 nm, P = 0·06).
The initial ABA content of whole leaf was 115 ± 20 nmol kg -1 fresh mass ( The results are the average of four independent experiments (mean ± SE). Parallel decreases in the water potentials of roots and of leaves were followed by a return to control values within 1-2 h of relief of stress. In contrast, the decline in stomatal aperture sizes had recovered to only 65% of the initial value 2 h after stress was relieved.
but 20 min after stress relief, this pool climbed to 181 ± 20 nmol kg -1 fresh mass (P = 0·04, compared with the initial value). The whole-leaf ABA pool remained elevated for an additional 40 min (P < 0·02). The ABA concentration in the leaf apoplast did not change (P = 0·31) during the stress: the initial value was 70 ± 8 nm, and the post-stress value was 61 ± 13 nm. There was a sharp elevation, greater than three-fold (P < 0·03), during the first 20 min following stress. One hour after stress, the average ABA concentration in the leaf apoplast dropped from its peak value of 186 ± 43 nm to 97 ± 18 nm, which was indistinguishable from the pre-stress value (P = 0·13).
Guard-cell ABA can be resolved into two compartments by differential wash-out
External and internal sites of perception for ABA have been proposed, so guard-cell ABA was resolved into two compartments by differential wash-out (Fig. 3) . First, guard cells were dissected from control leaves. These cells contained 2·5 ± 0·0 fg ABA per guard-cell-pair. Second, epidermal peels of control plants, without a rinse, were assayed for guard-cell ABA (2·9 ± 0·5 fg per guard-cell-pair), the content of which was indistinguishable from that of control leaves. Other epidermal peels were floated on water at 25°C for up to 4 min before freeze-drying. The guard-cell ABA content of rinsed epidermis (H 2 O, 25°C, = 4 min) ranged from 2·4 to 2·9 fg ABA per guard-cell-pair. In summary, guard cells of control plants -both those from whole leaf and those from rinsed epidermis -contained relatively little ABA. This ABA, which was not removed by a brief wash, is attributed to the symplastic pool. These results with guard cells of unstressed plants complement those of Harris et al. (1988) who showed that the symplastic ABA of guard cells of stressed plants was also not removed by a similar washout. In parallel, guard cells were dissected from plants that were harvested 20 min after relief from stress. The guard-cell ABA content of whole leaf was relatively high (8·3 ± 0·4 fg per guard-cell-pair) as was that of unrinsed epidermis. In contrast, when epidermal peels were rinsed for 1 min, the ABA content dropped to 3·6 ± 0·4 fg per guard-cell-pair (P = 0·03). The apparent further decreases associated with increased rinsing times were not significant (P > 0·64). Thus, one guard-cell ABA pool, which was detected only in stressed plants, was readily diffusible and corresponded to the apoplastic compartment (Weyers & Hillman 1979) . A second ABA pool, which was slightly but significantly (P = 0·04) elevated in stressed plants, did not readily wash out and corresponded to the symplastic compartment (Weyers & Hillman 1979) . (Fig. 4) . In unstressed plants, the symplastic ABA compartment, 1·3 ± 0·2 fg per guard-cell-pair, dominated the total guardcell ABA pool, 1·5 ± 0·2 fg per guard-cell-pair. At the end of the stress, the symplastic ABA pool had increased to an average of 2·4 ± 0·3 fg per guard-cell-pair (P = 0·04). Because of differences in the unstressed guard-cell ABA contents of different batches of plants, use of a paired t-test provided greater confidence that the small increase in guard-cell symplastic ABA content was significant (P = 0·01). [In all cases, reference to a paired t-test implies a summary statistic for the four experiments derived from intra-experiment comparisons of individual ABA values with individual correlate ABA values. The paired t-test was only used when explicitly indicated.] The guard-cell symplastic pool continued to increase 20 min after stress was relieved (to 3·5 ± 0·4 fg per guard-cell-pair; P = 0·05, paired t-test). Two hours after stress was relieved, the guard-cell symplastic ABA pool (1·9 ± 0·3 fg per guard-cell-pair) had returned to near the pre-stress value (P = 0·12, paired ttest).
Initially, the guard-cell apoplastic ABA pool was small, ranging from less than 0·05 to 0·3 fg per guard-cell-pair. After 20 min of water stress, this pool increased by nominally 30 times, to greater than 3 fg ABA per guard-cellpair (P < 0·01). Unlike the symplastic ABA pool, which increased during the first 20 min following stress (P = 0·05),
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the guard-cell apoplastic ABA pool did not change at that time (P = 0·54, paired t-test). Although the apoplastic ABA pool decreased from its peak at the end of stress (P < 0·02; paired t-test), the final value, 1·2 ± 0·3 fg per guard-cell-pair, remained nominally 10-fold higher than the pre-stress value (P < 0·05).
The increase in guard-cell apoplastic ABA content is correlated with the decline in stomatal aperture size Induction of a physiological event requires the colocalization of the regulatory molecule and the receptor. Thus, the relationship between guard-cell ABA pools and stomatal aperture size permits inferences about the localization of a limiting guard-cell ABA receptor that transduces the drought signal under the conditions of these experiments. Various analyses as described below permitted the same conclusion; one correlation is shown in Fig. 5 . Each of the ABA values in this figure is derived from the average ABA contents of 60 to 100 individually dissected guard cells, and each type of symbol represents samples taken at a given time after stress in the four experiments. This figure shows a convincing relationship (r 2 = 0·66) between the overall change in stomatal aperture size and the overall change in the guard-cell apoplastic ABA content. The relationship was stronger (r 2 = 0·82) if the changes were calculated from the immediately preceding time point within a particular experiment. Finally, there was a correlation (r 2 = 0·71) between the guard-cell apoplastic ABA content and the stomatal aperture size. In brief, all of the several means of analysis available indicated a relationship between guardcell apoplastic ABA content and stomatal aperture size.
The correlation between the overall change in the guardcell symplastic ABA content and the change in stomatal aperture size was weak (r 2 = 0·17; Fig. 5 ). Various other analyses of the relationship of between guard-cell symplastic ABA content and stomatal aperture size were corroborative (r 2 = 0·26-0·42). Finally, note that the preceding weak correlations between stomatal aperture size and guard-cell symplastic ABA content may simply result from the relationship between the two ABA pools in guard cells (r 2 = 0·23, paired values).
DISCUSSION
ABA mediates many responses to environmental stresses through its effect on gene expression and ion transport (Leung & Giraudat 1998) . ABA accumulation in various organs in response to stress and the redistribution of ABA have also been studied intensively (Davies & Zhang 1991; Jackson 1993 Jackson , 1997 Figure 4 . A pulse of water stress to the root system raises the size of the guard-cell ABA pool (shaded bar), which is the sum of the ABA contents of the guard-cell symplast (ᮀ) and the guard-cell apoplast (hatched ᮀ). In unstressed plants, more than 90% of guard-cell ABA was in the symplastic compartment. During and after stress imposition, this pool size increased modestly, but it returned to control values within 2 h after stress, when stomatal aperture size remained depressed (Fig. 1) . Water stress had a large effect on the guard-cell apoplastic ABA pool, causing it to increase 30-fold during the 20 min stress-imposition period, at which time the effect on stomatal aperture size was greatest (Fig. 1) . This pool decreased upon relief of stress, but remained ≥10-fold elevated for the duration of the experiment, which corresponded to the depression in stomatal aperture size (Fig. 1). understanding how plants control water loss. In the present study, we assayed for ABA in extracts of pooled guard-cell pairs that were dissected from the surrounding tissues. Analyses of ABA pools in the symplastic and apoplastic compartments of guard cells, of roots, and of leaves permitted a holistic interpretation of the role of ABA in coordinating the plant's response to root-water stress of short duration.
In the experiments reported here, water potentials of both the root and the shoot systems declined during the 20 min period of stress (Fig. 1) . The immediate effects of the stress were several-fold. First, the root apoplastic ABA pool rose sharply. Second, the whole-root ABA content rose only slightly and temporarily. As our first step toward understanding the relationship between the apoplastic and symplastic ABA pools in the root following a pulse of stress to the root in these experiments, we made calculations for the symplastic ABA content that were based on a minimum of simplifying assumptions (namely, that the average wholeroot ABA content (Fig. 2) is the sum of the ABA in symplast and apoplast (Fig. 2) , that the symplast can be a donor to the apoplast, and that the dry mass of the root is negligible compared with the wet mass). As the relative sizes of the Vicia root apoplast and symplast are not available, several calculations using different proportions of these two compartments were made. These simple calculations permitted some general conclusions. (a) The volume of the apoplast is less than 28% of the volume of the whole root because higher values for the apoplast resulted in calculated negative values for the symplastic ABA content at the end of the stress period. (b) The root symplastic ABA content remained almost unchanged or increased slightly (depending on the relative sizes of the symplast and apoplast) during the period of stress. Then, the symplastic pool declined to a minimum -near zero for high apoplast volumes -at 20 min after stress was relieved. Finally, the
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calculated root symplastic ABA content was near its initial value by the end of the experiment. The simplest interpretation is that stress caused a release of ABA from the root symplast to the root apoplast. In addition, we note that stress must have caused net synthesis of ABA in roots, because the whole-root ABA content barely changed whereas ABA was exported, as described later. Third, stress apparently caused an intra-leaf redistribution of ABA as indicated by the lack of significant changes in both the whole-leaf ABA content and leaf apoplast ABA concentration (Fig. 2) when ABA accumulated nominally 30-fold in the guard-cell apoplast (Fig. 4). [Note that the concentration of ABA in the guard-cell apoplast (42 nL aqueousvolume cm -2 leaf -surface -area; Ewert et al. 2000) would have little effect on the average concentration in the ABA in the leaf apoplast (6·6 mL cm -2 leaf-surface-area; Ewert et al. 2000) .] Therefore, the data are consistent with our finding (Popova et al. 2000) that guard cells accumulate ABA in the absence of ABA synthesis in a stressed detached leaf. Similarly, the results are consistent with release of ABA into the leaf apoplast upon stress (Hartung, Radin & Hendrix 1988) , presumably resulting from a hydraulic signal (Tardieu, Zhang & Gowing 1993) when stress was applied to the root. In the present experiments, ABA must have been quickly mobilized to guard cells. [An alternative, but more complicated, explanation is that small regions, such as guard cells, synthesize ABA and release it to the guard-cell apoplast.] Finally, the demonstrated heterogeneous distribution of ABA within the leaf apoplast (Fig. 2 versus Fig. 4 ) argues against the use of the ABA concentration in the bulk-leaf apoplast as a proxy measurement for that surrounding guard cells. We note that, before this demonstration, a similar caution was raised (Munns & Sharp 1993) .
During the stress-imposition period, the leaf apoplastic ABA concentration did not increase, and the apparent increase in the whole-leaf ABA content was not statistically convincing (P = 0·14, Fig. 2 ). During the 20 min after stress, the amount of ABA increased sharply in the leaf apoplast and somewhat less in the whole leaf (compared with initial conditions). These kinetics, along with those of ABA concentration in the root apoplast, are consistent with transport to the leaf of ABA originating in the roots (see Davies & Zhang 1991; Jackson 1993 Jackson , 1997 . In addition, several other inferences can be made from the absolute concentrations of ABA in the leaf apoplastic sap. First, the maximum leaf apoplast ABA concentration was similar to that in the root apoplast. The simplest interpretation is that net ABA was not removed along the transpiration stream. Second, from the relative volumes of the leaflet apoplast and the symplast (Ewert et al. 2000) and the amount of ABA in whole leaf and apoplast (Fig. 2) , leaf symplastic ABA contents were calculated. [These calculations were performed analogously to those made for the root, above, except that the relative volumes of the two compartments are known.] These calculations revealed no regular kinetics pattern; i.e. the calculations did not provide evidence that ABA accumulated in the leaf symplast under these conditions. Third, mass transfer rates were not determined, but a perspective may be gained by estimation that the leaf apoplast turns over at a rate of (40 min) -1 (see Ewert et al. 2000) . Accordingly, ABA delivery into the leaf was maximally 30 ¥ 10 -15 mol cm -2 min -1 [calculated by multiplication of the leaf apoplast ABA concentration at 40 min (Fig. 2) by the specific leaf apoplastic volume (Ewert et al. 2000) by the leaf apoplast turnover rate, above]. The net maximum rate of ABA accumulation in guard cells from the 'pulse of root ABA' (Fig. 2) was only 1·3 ¥ 10 -15 mol cm -2 min -1 [calculated by subtraction of the whole-guardcell ABA content at 20 min from that at 40 min (Fig. 4 ) and conversion to a molar basis, followed by multiplication by 10 4 guard-cell-pairs cm -2 (both leaf surfaces)]. A further calculation (based on estimates of ABA delivery to the leaf and the aqueous volume of guard cells, see above) indicated that the ABA concentration in the guard-cell apoplast could reach 1 mm in 1·3 min if all the ABA imported into the leaf at the maximum rate were transported to this compartment. Despite the inherent imprecision in these generalized calculations, the conclusion is very clear: import of ABA into the leaf provides an ample source for the control of stomata. It is important to note, however, that our calculations only establish the feasibility, and they do not show that the same ABA that is imported into the leaf actually winds up at the guard cells. Fourth, the ABA content of the guard-cell apoplast was only a small part of the total leaf apoplastic ABA content. As an example, at 40 min, the leaf apoplastic ABA content was 1·2 ¥ 10 -12 mol cm -2 [calculated by multiplication of the leaf apoplastic ABA concentration (Fig. 2) by the volume of the leaf apoplast; Ewert et al. 2000] , whereas the maximum ABA content of the guard-cell apoplast was 0·1 ¥ 10 -12 mol cm -2 [calculated by multiplication of the guard-cell apoplastic ABA content (Fig. 4) by the density of guard cells, above, and conversion to a molar basis]. Notwithstanding, the guard-cell apoplast Stress and guard-cell ABA compartments 353 was a site of ABA accumulation {at 40 min, the leaf apoplastic ABA concentration was 185 nm (Fig. 2) , whereas the guard-cell apoplastic ABA concentration was 2·5 mm [calculated from the guard-cell apoplastic ABA content (Fig. 4) and the aqueous volume of the guard-cell apoplast (Ewert et al. 2000) and conversion to a molar basis]}.
The model apoplastic solute mannitol was fed to Vicia faba leaflets, and its cellular destination indicated that other solutes entering the leaf via the transpiration stream could accumulate in the guard-cell apoplast (Ewert et al. 2000) . In confirmation, the preceding paragraph discussed the substantial enrichment of ABA in the guard-cell apoplast. However, some ABA in the leaf apoplast apparently is removed (Trejo, Davies & Ruiz 1993; Jia, Zhang & Zhang 1996) , barriers to apoplastic movement have been described (Canny 1993) , and ABA interacts with other substances in the leaf apoplast in attenuation of stomatal aperture size (Gollan, Schurr & Schulze 1992) . Thus, an important aspect of this work was the quantitative localization of ABA in the symplastic and apoplastic compartments of guard cells in comparison with changes in stomatal aperture size (Fig. 5 ). An ABA receptor has not yet been unambiguously identified in plants (Assmann & Shimazaki 1999 ; but see Pedron et al. 1998) , but a cytoplasmic locus for ABA perception in guard cells has been proposed on the basis of induction of stomatal closure by micro-injection of ABA (Allan et al. 1994; Schwartz et al. 1994) and by inhibition of K-in channels by inclusion of ABA in the pipette during whole-cell patch clamp (Wang, Wu & Assmann 1998) . On the other hand, a plasma membrane-localized, outward-facing ABA receptor has also been proposed because micro-injection of ABA into guard cells failed to cause stomatal closure (Anderson, Ward & Schroeder 1994) , and external ABA stimulates inward Ca 2+ conductance as well as elements of the IP 3 signalling cascade (for references, see MacRobbie 1997). These possibilities are not mutually exclusive, and MacRobbie's work (MacRobbie 1995) indicates that receptors for different cellular responses are localized at different places in the guard cell. Thus, the question can be posed differently: under which conditions is a particular receptor operative or rate limiting? (The other possibility -that the receptors must function cooperatively -would seem to be excluded, as responses were observed when applied ABA was exclusively localized either in the guard-cell symplast or in the external solution, as discussed above.) Under the conditions of these experiments, the correlation between the change in guard-cell apoplastic ABA content and the change in aperture size (Fig. 5) would clearly implicate the importance of an outward-facing receptor. Under extreme stress of a detached leaf, however, most ABA accumulated in the guard-cell symplast (Harris et al. 1988) . Further work is required, but presently we speculate that the apoplastic pool, which can change rapidly (Fig. 4) , provides recent information about the water status of the plant.
Our work with the accumulation of other solutes (Lu et al. 1997; Ewert et al. 2000) in the guard-cell apoplast implies that the mechanism for accumulation is evapora-tion of the apoplastic solution from the guard-cell wall. [As discussed elsewhere (Ewert et al. 2000) , the guard-cell wall need not be the sole site of evaporation.] Altogether, these observations have important implications for gas exchange. First, a signal to suppress water loss encoded by the concentration of ABA in the apoplastic sap is amplified. In the present work, as mentioned, the ABA concentration in the apoplastic sap peaked at 185 nm, whereas the maximum concentration at the guard cell was 2·5 mm, a factor of 13·5-fold. Second, the extent to which amplification occurs depends on the transpiration rate. Thus, when stomata are open and the vapour-pressure deficit is high, the amplification will be highest, which provides the maximum signal to suppress water loss. Conversely, when the transpiration rate is low, signal amplification will be minimum, consistent with a reduced requirement to control further water loss. In summary, regulation of stomatal aperture size by the accumulation of ABA in the guard-cell apoplast by evaporation from the guard-cell wall suggests that conductance will display variable sensitivity to leaf apoplastic ABA concentration. A critical observation in support of this hypothesis is that ABA did not continue to accumulate in the guardcell apoplast during the period when the leaf apoplastic ABA concentration was elevated because the stomatal aperture size, and hence transpiration, was reduced.
